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- CALCULATION OF AERODYNAMIC CHARACTERISTICS ON WING-TIP MOUNTED
WINGLETS AND EXPERIMENTAL VERIFICATION

Zhou Renliang
Nanjing Institute of Aeronautics and Astronautics

’i Received 1 July 1983

L The finite basic solution method is
p - employed in this paper for calculating the ;
N subsonic lift and drag characteristics of a
back-swept wing with wing-tip mounted
winglets. Calculations have also been _ )
performed on its pitching moment and wing
> root bending moment. Through calculations of ’ -
; various wing-tip mounted winglet configura- .
- tions, the general rules of wing-tip mounted
winglet aerodynamic characteristics have been ;
» analyzed. A comparison between calculated .
k" results and experimental data reveals, that
o this method can satisfy the needs for the ,
preliminary design and configuration .
> selection of a wing-tip mounted winglet. .
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Symbols

_.' C.
™ dC,”
- 1
e Cﬂ drag coefficient at zero lift
- s dm,
C, lift coefficient dc,
- C
A%y m, bending moment coefficient o ‘TﬁL‘induced drag factor
- at wing root (nA)
Qﬂ pitching C maximum ratio of
™  moment coefficient Ku ( C: Juu l1ft to drag
{i a angle of attack P pressure coetfficient
s dcC = . :
s C: ——r x relative value of
da . . .
e chordwise distance
I. Preface

A few papers concerning theoretical calculations of wing-tip
mounted winglets have been seen in foreign journals in recent
vears. Yet, basically no experimental verifications have been

conducted. Therefore, the extent of their practical applications

T cannot be determined. At present, in China and abroad. research ot
) configuration selections for wing-tip mounted winglets generally
o employs experimental methods. This is both expensive and time

f".,

- consuming. Moreover, only a few types of winglet are used in

;ﬁ‘ experiments and their configurations are relatively simple. Based
; on the existing data, the general rules of wing-tip mounted

;f' winglet aerodynamic characteristics are still inconclusive. This
?f paper presents a theoretical calculation method utilizing the

;f finite basic solution method to calculate the subsonic lift and
;. drag characteristics of a back-swept wing with wing-tip mounted
fz; winglets. Calculations have also been performed for the pitching

moment and the wing root bending moment. Thereby the general rules




of the wing-tip mounted winglet, geometrical dimensions, and the

e winglet rake angle, etc. can be studied. In order to verify the
applicabilities of this calculation method, force and pressure

A experiments were conducted on some of the calculated examples. The 1

5? calculated results basically conform well with the experimental

ff data; therefore, this calculating method has practical signifi-

i. cance in the preliminary design and configuration selection of the
f wing-tip mounted winglets.

E  [I. Calculation Method and Results

g

}f In the finite basic solution method employed in the paper,

the equal deflection angle method is used to plot the spanwise

grid and to determine the locations of the spanwise control

!. points: for chordwise, the equal partial method determines the

ﬁi grid. Grids are laid out on the wing and wing-tip mounted

ﬁf winglets. A compressible horseshoe vortex is laid out on each grid
Ld and the attached vortex is placed at the 1/4 chord line in the

!ﬂ grid. Two free vortices are extended along the streamline to

:j infinity. Chordwise locations of the control points are set at the
:&j 374 chord line of the grid. The flow boundary conditions at each
E} control point of the main wing and wing-tip mounted winglets are
?! satisfied. A combined flow field method is employed for

Sk calculating induced drag (1, 21]. - ;
?i The two-dimensional sizes of back-swept main wing and winglet
]

4 calculated in this paper are shown in Fig. 1.
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Fig. 1. The two-dimensional sizes of swept
main wing and winglet.
Key: (1) The main wing; (2) The winglet.

During the calculation, wing and winglet are divided into 5
columns in the chordwise direction: and into a total of 1@ rows in
the spanwise direction with 7 rows occupied by the main wing ana 3
rows by the winglet. [f the winglet is cut in the chordwise direc-
tion, it is divided into five strips. Each strip may possess a
difrerent angle of rake so that various different winglet arrange-
ments can be formed. A total of 14 winglet arrangements have been
calculated in the paper. The 14 winglet arrangements and their

three-dimensional schematic diagrams are shown in Fig. 2.
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@ (0, 69, 0, 20, 0) D
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05 (0, 5, 10, 30, 20) Aﬁ::]?
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Fig. 2. The three-dimensional figures

of winglet arrangements,

The degrees of rake angle of the S-strip winglets are given
in the parentheses in Fig. 2. The order of the rake angles is from
the leading to the trailing edges. The wing-~chord plane is the
datum plane for angle measuring. Upward rake is positive and down-
ward rake is negative. Arrangement 1 (X, X. X, X. X} shown in
Fig. 2 is a main wing without mounted winglet. In order to
facilitate the comparison of'aerodyﬁamic characteristics for each
winglet arrangement, the area, the span to chord ratio., the mean
aerodynamic chord and the span length of the main wing are used as
the reference area and reference lengths during calculations of
aerodynamic coefficients for various arrangements. The aerodynamic
characteristics for 14 Qinglet arrangements obtained from calcula-

tions are listed in Table 1.
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Table 1. The result of calculation

(1)% * ; Cs mSsy ' mSy 3
]
@ ; 0.0465 | =-0.5189 -0.9783 1.0050
® ! 0.0493 ' - 0.5454 -1.0116 0.8755
3 f 0.0500 -0.5529 -1.0207 0.8599
® ! 0.0500 - 0.5529 -1.0207 0.8599
® ! 0.0526 - 0.5797 - 1.0532 0 7967
’ 0.0512 - 0.5648 T =1.0348 0.8173
® 0.0539 -0.5923 ~1.0693 0.7413
® f 0.0535 - 0.5884 -1.0700 0.7661
) f 0.0537 -0.5902 -1.0680 0.7409
(7 0.0528 - 0.5809- -1.0547 0.7581
o ! 0.0535 ~0.5875 ~1.0634 0.7513
e : 0.0536 -0.5893 -1.0670 0.7414
[T i 0.0536 - 0.5891 ~1.0862 0.7440
® 0.0537 ~0.5908 ~1.0686 0.7451

Key: (1) Arrangement.

Comparing the data of various winglet arrangements, the

following observations can be made:

1) No matter what kind of winglet is added to the main wing. ‘
\

its C7 value is always somewhat higher than that of main wing

arrangement 1. The induced drag characteristics are somewhat

improved as the 8 value is decreased. However, values of its mér i
and m$ are also somewhat increased as value of C} is increased.

2) It can be seen from the trends of arrangements 2~5 that,
the smaller the rake angle of the one-piece winglet is, the larger
CS is and the smaller 8 is. The aerodynamics coefficients for
arrangements 3 and 4 are identical, which shows that, regardless
of whether the winglet rake is positive or negative, the aero-
dynamic characteristics of a one-piece winglet are basically

identical so long as the degrees of rake angle remain the same.
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3) For the two-piece winglet arrangement 6, the aerodynamic

performances of C} and § are not as good as that of the wing
elongating winglet arrangement S. However, it is better than the

one-piece winglet arrangements 2~ 4,

4) For a multiple-piece winglet arrangement (rake angles of
the 5 winglet strips are all different), its C§ and d are better
than other winglet arrangements. The values of C$ and § are
similar for the various multiple-winglet arrangements. Therefore,
from the standpocint of increasing the lift and decreasing the
induced drag., a multiple-winglet arrangement is a better selected

arrangement.

The above four concluding remarks are consistent with
conclusions for rectangular wing in reference (1], which
illustrates that. regardless of a rectangular or a back-swept
wing, the trends of aerodynamic characteristics changes are

identical after a wing tip winglet is mounted on it.
Il'l. Experimental Method and Results

The experiments described in this paper were performed in a
NH-2 low-speed wind tunnel at Nanjing Institute of Aeronautics and
Astronautics. The wind speed of experiments was 4¢ m/s. The main
wing model used was a wooden semi-mould model. Holes for pressure
tappings were drilled on the wooden main wing. The main wing wing-
tip was mounted with winglets. Winglets were made of aluminum
plate of 1.5 mm in thickness. No pressure tapping holes were
drilled on the winglets. Thus, for that model, measurements of
pressure distributions were made only on the main wing. In order
to save both experimental time and expenditure, only winglet
arrangements 1~9 were investigated. Experimental work included
force tests and some pressure tests. The angle ot attack tor ati
experiments ranged from 4°~ 24°, The main characteristices data

obtained from force test experiments are listed in Table Z.
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Table 2. The result of experiment

(1w = Ccs ‘ mCy mCy Ceo | ) ( Kmax
l
@ 0.0502 : ~ 0.4608 =1.0050 ‘ 0.0079 1.3928 ) 13.1986
@ 0.0518 : -0.4761 -1.0271 0.0077 1.2928 , 13.4992
@ 00526 | -0.4833 -1.0257 0.0085 1.2853 13.7652
@ 0.0526 ’ - 0.4868 -1.0412 0.0088 1.2397 13.7526
® 0.0568 } ~0.51583 : ~1.0852 | 0.0086 1.2825 15.1720
0.0540 ‘ - 0.4974 ~1.0596 : 0.0091 1.2701 13.1029
@ 0.0552 - 0.5086 =1.0743 ! 0.0097 1.2113 13.2870
0.0554 l - 0.5006 ~l =-1.0753 0.0097 1.2511 12.9284
0.0553 - 0.5053 ' ~1.0728 ! 0.0096 1.2208 ! 13.2834

ey t1l) Arrangement.

It can be seen from the comparison between data listed in
Tables 1 and 2 that the magnitudes of the calculated values tor
CY¥, m$r, and mf are basically similaf to those of the experi-
mental data; except that the calculated values of § are markedly
smaller than those of the experimental data. Experimentai tindings
and calculated results of the aerodynamic characteristics for
various winglet arrangements are found to be consistent. In other
words, the aforementioned four concluding remarks which were
derived from calculations have all been verified in the experi-
ments, except for the following two minor discrepancies between

the experimental values and the calculated results.

1) The experimental value of § in winglet arrangement 4 is

less than that of winglet arrangement 3.

2) The experimental value of 5 in winglet arrangement 6 is

less than that of winglet arrangement 5.

Calculations and experiments have all proved that the values
of & for multiple-piece winglet arrangements 7~ 89 are less than
those for 2~6 winglet arrangements. This indicates that the

induced drag characteristics of multiple-piece winglets are better
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Equations (19)~ (21) are further expressed as calculation

forms. We have

AR PR

+a"-1:1" [.wtl)—(a’—v’) e + PB— ;1, 11:] (22)
::t =0’—1U’ [v :1” - F1> ‘:f ]+a’—lv’ [_vB+';1>—¢] (23)
Leadiw e et s 20

At any given time instant, if values of aep/ot. ov/at. and ap/ot
in equations (22)~(24) are known, the above set of equations can
be regarded as én ordinary differentiél equation set with respect
to x. The solution can now be obtained by using the Triple-Loop-
lteration Algorithm described above. After the values of Pf. v, and
p at all node pofnts in the axial direction are obtained for a
certain time. instant, they are substracted by their corresponding
values at the previous time instant and then divided by the time
interval between the two time instants, thereby the mean change
rates for the P, v, and p values with respect to time at any node
point between those two time instants are calculated. With the
mean change rates as the approximation for ap/et. avfat. and ap/at
and substituting them into equations (22)~(24), these equations
can then be solved by repeating the aforementioned method. Thus,
by repeatedly alternating the calculations with respect to time
and space independent variables, the oP/at, ov/oat., and ap/at values
are corrected through iteration. After a certain accuracy order 1is

achieved the calculations for the next time instant are initiated

e

J

and the whole process is continued until the rocket motor

operation is completed.

. Por e e
b bl o Ao

By rewriting equations (22)~(24) in a vector tform, we have
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The essence of Time-Space Alternate Algorithm is to transrorm

a set of partial differential equations into a set or ordinary
differential equations. With respect to time or space independent
variables, a higher order of accuracy for the solution is obtained
by using this algorithm. [In reference [6], Burstein emploved a
similar algorithm for solving hyperbolic-type equations and
obtained a third order accuracy for both time and space indepen-
dent variables. The Time-Space Alternate Algorithm emplo;ed in
this paper not only achieves a fourth order accuracy with respect
to space independent variable but also provides a good link
between solution methods for the unsteady equations and thne

quasi-steady equations.

In the Time-Space Alternate Algorithm, P, v. and p are
selected as dependent variables. First., equations (1)~ (3) are

rearranged as

aP P v
ot TV TP (19)
v w1 ap
61+vax+p ax—B (20)
ap v 9
S Y U= (21)
where
@ =—1 (P, p)gr——tpp 24
Ap ox
_ Peugr
8 Ap

¥ = ﬁi(p’yRT‘ + L_ﬁlp’vz - p)_ Ypo oAr
2 ‘4p ax

TS ST TN S ST SPRe

O |

e | | P

-

LR

e xd

e ata'a a'a'd Oy
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parameters at time t, should first be obtained from grain

calculation. Within time interval At, the thickness Ay, of the

burned-out grains is calculated by the following formula:

Ayimr;At

where r, is the average combustion rate within the time interval
At. This value is dependent upon the combustion rate at time t..
However, the combustion rate is also affected by all combustion
gas parameters and consequently, it is also affected by Ay, .
Therefore, it must be solved for through the successive iteration
method. We have employed a single-prediction and multiple-

correction approach. Details of the iteration formulae are:

'l(”(‘-)'rl(lu-l)v (m’l’ 2, "')

r® () = Cri(ta) 470 (1)), (m =1, 2, =)

When employing the Merson Method to conduct numerical
integration, it requires grain geometrical parameters at certain
points between two node points and also their derivative values
with respect to X. These data are obtained by the interpolation of
LaGrange quadratic polynomial equation and by the corresponding

numerical differential formulae.
3. Time-Space Alternate Algorithm

The governing equations (1)~ (4) of a one-dimensional
unsteady internal ballistic performance analysis are the first
order, linear, hyperbolic partial differential equations. Due to
the limitations in the difference method's stability condition,
the time increment must be set very small if the characteristic
line method is used to solve these equations. For a typical rocket
motor, ten thousand or even more iterations are required. This is

very inconvenient and sometimes even unacceptable.

290




After determining boundary conditions of p, and m, at the

motor head, the Merson Method is employed to calculate the initial
condition problem of equations (18) and (11). Then, a correction
equation is applied to correct the p, value in accordance with the
exit boundary conditions. For this purpose, the generation rate of
the combustion gas m, and the combustion gas exhaust rate M. are

given by

fn.s iil‘ + 'hl
ﬁr"CDP:lAl

where ma - the generation rate of the combustion gas on the
tail-end surface of the grain. The flow from the cross-section at
grain exit to the nozzle throat is also considered quasi-steady.
Consequently, m. should be equal to m.,. After one iteration, if
the calculated values of m. and ms are not equal, it indicates
.improper p. guess value and the value has to be corrected. The
first correction for p, is performed by the following proportional

formula:

piE = ps s/ o

~}

After the number of iteration exceeds two, an interpolation
formula can be used for p, correction.

Let Am=m,—m,, thus,
pe~ —p™ Y (18)
A’h(--t) —Arh(-.”

(n=3 4, )

p.(.) spo(l-l) +Am(.-l)

Iteration is teminated when Am is less than a specified value.

When proceeding with the solution at time t, atter the

solution at time t.., has been obtained, the geometrical

19
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The solution method for the set of internal

eguations
initial Thus, initialization

condition problem. an

employed. First,
motor head and at time t, can be estimated

following formulae:

1

_{ Pray A, 2(Y+1) 1 T<-n
Po—{ A, Y I()\l)} '
where
M 4(1-=2)
I()\l)_—- — 0 dl
j’° (1+A’)z“(l—:+}}\‘) e(1)

The above},. is determined by

1 1
A =)‘,(1_Y-1)‘:)1-1(?_4',1.)7-1
A Y+1" 2

J =

is a kind of boundary condition problem and is

assuming the guess value of pressure p,

in accordance

hallistiz

not an

guess method is
at the
with the
[
[ S
fla)

At time t,, the initial guess value of p, is taken from the vaiue

of p, which satisfies continuity at time t.,. At
later time instants, initial guess values of p, are
the following proportion using the p, values at two

instants; i.e.

_Po(‘-lz_
Po(ta.y)’

Po(ta) = py(ta.y) (m=2, 3, -)

At any time instant, the mass flow rate across

section 0O should be equal to the generation rate of

on the combustion surface at the motor head. Hence,

”‘.’Aipralp:

18

time t,

and other
obtained bv

previous time

150

the croess-

combustion gas
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I If ov&a, 0&Py A4&A» (within the residence time of the [i
- combustion gas), the operation process of the rocket motor can be i
R considered quasi-steady. The above equations can be simplified as: ﬁ
: d_ (o Ay mpur -
I W(pArU)—pp dx (5) -!:J
d s 1
2 = L4 4
- Tx—(pd Ap+pAr) p dx (6) "
- v o A4 g
: dx [PdAp( 2 +H>]—prr dx H», (7) .
' p =pRT (8)

(8]

Triple-Loop-Ilteration Algorithm

With respect to a one-dimensional quasi-steady., adiabatic

Cid . e e
P il SEMOACAENRNE? bundf A1

flow, energy equation (7) in the above governing equations

~ (5)~ (8) can be simplified as

hY
'I ol +v*/2=c,T, (9) i—*
% ﬁ
- . )
S Consequently, only the continuity and momentum equations -]
o ™
- among the governing equations are expressed in differentiated "
‘ form. If the mass flow rate m and the pressure p are selected as e
. the calculating variables, the continuity and momentum equations h
- can be written as follows: .
8 am o dds (19) -

dx U dx H
- - 1
- : d 1 . dA d4
-: == A(a—v’) Putal 7= Pyr d‘”fz"’”’"‘l)"l} (11) "
: 5
i By using the energy equation and equation of state and other r
- well-known equations, all the unknown parameters can be expressed F
: as functions of m and p. &
5 q
g 4]
v i
- )
.: t"-
--. N
" 17 Ry
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il internal ballistic calculations are closely related and must not

be separated, a general two-dimensional grain calculation methcod

.. introduced by the author is employed.

| NN

Il. Triple-Loop-lteration and Time-Space Alternate Algorithm

1. Rocket motor model and its one-dimensional internal ballistic

;i

governing equations

Figure t illustrates a selected solid propellant rocket

motor.

Fig. 1. Schematic of solid propellant rocket motor.

. For the simulation of a combustion chamber flow field, the

following assumptions have been made: The combustion gas is an

ideal gas; the fluid flow through the hollow section of a rocket 3

motor cylinder is a one-dimensional flow; the fluid flow process ;

is a frictionless, adiabatic, non-reactive, homogeneous and gas- i

phase hydrodynamic process. The projection of the momentum of H

3 combustion gas, which is being generated on the combustion 9

- surface, on the x-axis is also assumed to be zero. The governing é

.& equations of the fluid flow in the rocket motor can be derived as: Q

2 2 _(pdr) +-2(p4 o4, :

o p) +55(PAw) =P = (1) J

9 a A K

: —aT(PUAp) +a—x—(Pv’A,+pAp)=-P a; (2) 1

XS' ) v? ) vt A, .
" o ["A'( G+ E)) v ["”A'( 2 +H>]=""3;‘H' (3)
: p =pPRT (4)
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The main purpose for predicting the solid propellant rocket

A SR &

motor's internal ballistic performance is: based on the original
data of rocket motor structures, grain geometrical shapes and )
dimensions, propellant characteristics, etc. to calculate the
distributions, along the length of the combustion chamber, of
parameters such as combustion gas pressure p, flow velocity v,
density P, temperature T, etc. during the motor operation period

and their changes with respect to time t.

ALY T N Ea

Throughout the years, there has been great progress in the
development of internal ballistic calculation algorithms. The
earlier internai ballistic calculatioﬁ algorithms were established
on the simpiified bases of zero-dimensional and quasi-steady flows

{1]1. Later, one-dimensional flow model was employed as the

volumetric filling coefficient became larger and the erosion
combustion phenomenon became very distinctive. Based on the one- 4
dimensional fluid flow model analysis and further simplifications 3
to the quasi-steady flow, a set of ordinary differential equations ‘

:ﬁ is obtained [2~5]. Thus, the Runge-Kutta Method or Merson Method

PP

can be applied for solutions (7). If the flow is one-dimensional
and unsteady. the governing equations for the rocket motor flow
calculations become a set of first order, linear, hyperbolic
partial differential equations. Under these circumstances, a
solution can be obtained by the finite-difference and charac-

teristic line methods (81].

f;' Emphasis of this paper is placed on the introduction of a
calculation algorithm generally applicable to both quasi-steady
equations and unsteady equations; i.e. the Time-Space Alternate

Algorithm. The algorithm was developed on the basis of a Triple-

- Loop-lteration Algorithm. Since the grain calculations and the
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Nomenclature

a
g,
a‘
A

Au

A
A,
Co
h
H
H,
m
n

»

Speed of sound

Burning speed coefficient
Critical speed of sound
Combustion area

Combustion surface at en-
trance to the motor head

Passage area

Nozzle area

Exhaust gas coefficient
Space increment

Enthalpy of combustion gas
Enthalpy of propellant
Mass flow rate

Pressure index

Combustion gas pressure

Subscripts

0

l

Cross-sectional area
parameter of grain at
inlet ¢

Cross-sectional area
parameter of grain at
exit

§ Stagnation parameter

r Combustion rate of propellant
R uUniversal gas constant

T Combustion gas temperature

g4 Circumference of combustion

T, Adiabatic combustion
temperature

t Time

v Combustion gas velocity
X Axial coordinate

Y Specific heat ratio

2 Velocity coefficient

P Combustion gas density

P Propellant density

e Erosion-consumption ratio

¢+ Time increment

t Nozzle parameter

14
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:3: STUDY ON ALGORITHMS FOR PREDICTION QF SOLID PROPELLANT ROCKET
.- MOTOR PERFORMANCE
Wang Xin and Zhang Zhonggin
Beijing Institute of Aeronautics and Astronautics
N Received 17 September 1983
Gi Two algorithms for prediction of solid
’:; propel lant rocket motor performance are intro-
,{} . duced, 'and the emphasis is placed on the Time-

Space Alternate Algorithm., A two-dimensional
grain general calculation method introduced
- by the authors for the calculation of grain
: is employed. Thus, the method presented in

this paper for predicting the internal ‘

fi ballistic performance has the generality of ]
. applicabilities. A comprehensive computer
) program for the above method has been written

. and applied to calculating the perfcrmance of
o three different solid propellant rocket

. motors. The calculated results are consistent »
T with the experimental data. )
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It can be observed from the comparison between the theoreti-
cal calculations and experimental data that said theoretical cal-
culating method can be employed to conduct preliminary evaluation
of various winglet arrangements, and it has practical significance
in the preliminary design and configuration selection of the

wing-tip mounted winglets.
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Fig. 4. The experimental curve of pressure distribution.
IV. Concluding Remarks

[t is concluded from the above analyses that, the smaller the

rake angle of the one-piece winglet is, the larger the C, 4f the

main wing is and the smaller S is. However, the length of wing
span and the bending moment at the wing root are also increased.
Therefore, in foreign countries, winglets with rake angle of about
75° are often selected when an existing transport requires winglet

mounting.

The shape of a multiple-piece winglet resembles that of an
eagle's wing-tip. It has the best induced drag characteristics.
However, the utilization of this type of winglet arrangement on
the aircraft often creates certain structural difficulties. There-

fore, two-piece winglets are usually mounted on transport aircraft

;f in foreign countries.
9,

- 0Of course, the selection of a better arrangement for mounting
ﬂﬁ ' wing-tip winglets should be based on specific circumstances and

Ej various factors; it can only be determined after a comprehensive
‘%: analysis of its advantages and disadvantages.

11
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The advantage of lift coefficient for several primary
winglets and their relationships can be seen in the experimental
curves in Fig. 3 after winglets are mounted on a main wing. |t

should be pointed out that the relationships shown in Fig. 3 for

lift coefficients of various winglet arrangements no longer apply
after the angle of attack exceeds 8°. The characteristics of lift

to drag ratio also display a similar situation.

The calculations in this paper and reference [1] indicate
that, after winglets are mounted, an increase in circulation flux
at the main wing outboard region is the main reason for C, to
increase. The experiments of pressure distribution shown in this
® paper verify thét. after the winglets-are mounted, the pressure
distribution on the inboard region of a main wing is basically the

same as that on one without winglets. The cross-sectional pressure

distributions at 86.5% main wing span are measured after several

primary winglets are mounted and the experimental curves are shown

RS in Fig. 4.

-.';k‘:"

el

o _

}}ﬁ- The above experimental curves of pressure distributions show
) that the pressure distribution on the outboard region ot the main

- wing is markedly increased. This indicates that the conclusions or

S theoretical calculations are correct.

10
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than those of the one-piece and two-piece winglets. However,
values of Ku.,. for winglet arrangements 7~ S8 are otten less than
those for winglet arrangements 2~ 6. From the viewpoint or
cbtaining a larger maximum lift to drag ratio, the multiple~-piece
winglet is not necessarily a better arrangement. The reason is

that the C,, values for multiple-piece winglets are larger (see

Table 2) and that, even though their induced drag characteristics
are better, the larger CI° values still cause the K... value to

.- decrease.

Figure 3 illustrates several experimental curves or lirt

coefficient.

0.3t

0.2r

(-] (D(*. Xy X, ’9.*)
A @UI5. 75, Thy 75, 75
8 @(G4,5475, 75,79
v Q0 28, 40, 68, 80)
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IRCNCVENCNENENE Y & p e e e el - S ELAL L

=y
¢t

Fig. 3. The experimental curve of litt coefficient.

I 75 RPN

it i apOm S
(o}

Mt et e e e e et
e e e T O - - . RIE
‘&,-

s
s AT A A A -f‘._ At d‘ xL{ﬂ_ PN {Lﬂ :\t A_{L A_";'('u."\"

AT e TN
AN A AL )_ a‘r\‘\ \.‘\m AA" LA




MIEA AN AR T e - ~ - Pl e A A Sk L - R I S A At U A i gl v e ighe 4 e BT R TR TATA Ty NN . SR L T v T W ¢

In order to facilitate the discussion of the stability
problem of the difference method, the above equation is generally
simplified as:

o ol

ox A 5 (26)

Here, A, is a constant matrix.
When the Time-Space Alternate Algorithm is applied for the

solution of model equation (26), it is equivalent to applying the

difference method.

- _ 4, ['77"—'7'-' Bt = 8 l?’!ﬁ_ﬁ‘;ﬂ] (279
T T
The finite-difference method is, with respect toc the model
equations, an unéonditionally stable scheme. [t has been veriftied
through actual calculations that the above conclusion is also .

applicable to the actual equations.

The Triple-Loop-Ilteration Algorithm is employed in con-
sideration of the solutions with respect to the space variable x
in the Time-Space Alternate Algorithm. Thus, only the ditference
between the present method and the quasi-steady equations solution

method is introduced here.

The initial conditions required for the Time-Space Alternate
Algorithm include initial values of P, v, and p at all node points
as well as the initial values of 4p/at, év/ot, and ap/ot. When the
calculations start immediately after the rocket motor ignition
process, the above initial conditions can be determined by the
results calculated from the ignition process. If, however, the
calculations start directly from the steady state period of the
rocket motor, we may assume that the flow field inside the com-

bustion chamber reaches steady state instantaneousiy. Thus, the

23
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vaiues of ap/fat.

qvfot, and ap/at at all node points can be
set as zero and the values of P,

v, and p at all node points
obtained by the Triple-Loop-lteration Algorithm are

initial values

initially

used as
in the calculations.

Among the boundary conditions at the rocket motor head,

the
method for determining the p value is the same as the Triple-

Loop-lteration Algorithm. The values of Q and v,,

however, are
determined by using the‘following formulae:

Py=py/RT,

0,= ._A_.M
i PoAr,

At time t., the values of AP/At. Av/At. and Ap/Al between t,.
are used as the guess values for

o/t ., auvfot, and adpfat at
all node points.-Having calculated values of P,

node points for time t.,

and t.-.,

A

v, and p at all

their corrections are subsequently _made.
The correction formula is

(i)“"’ o7 () =B (ta)

a‘ [ t-— t..‘

(m-l’ 2, ey ”-1, 2’ -.-)

Corrections can be made repeatedly until the ditference
between the values of P's,

v's, and p's obtained from two

successive iterations is less than a specified value.

24
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Ill. Calculation of Grain

The purpose of the grain calculation is to obtain the grain
geometrical parameters required for the instantanecus internal
bailistic calculations. For different types of grain calculation,
not only the forms of the required grain geometrical parameters
are different, the correlation between grain and intermnal ballis-
tic calculations may also be different. For a zero-dimensional
internal ballistic calculation, the required grain geometrical
parameters generally correspond with those values of the grain
combustion area at a given burned-out thickness. Given this, the
grain and the internal ballistic calculations can be performed
separately. On the other hand, for the internal ballistic
calculation of a one-dimensional, variable cross-sectional tunnel,
the required grain geometrical parameters generally correspond
with those values of combustion circumference and tunnel area tor
a partially burned-out thickness at all node points. [n view or.
the existence of erosion burning, the grain and the interna{
ballistic calculations are closely related and cannot be
separated. Thus, calculation must be performed iteratively and

alternately.

The method introduced in this paper for the internal bailis-
tic calculation is coordinated with the calculation of the grain.
A general two-dimensional grain calculation method [9] is
presented by the authors. Based on this method, the solution
scheme can be extended to solving, for example, three-dimensional
calculation problems of the double-arc, transitionally closed
motor head and the unrestrictive combustion tail of the tail-end

surface located on the oval portion following the motor.
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= 1V. Sample Calculations and Discussion
3 A comprehensive computer program for the above mentioned
g methods was written and applied to the calculation of the perform-
X ance of three different real rocket mctors. For each motor, both
X the Triple-Loop-lteration Algorithm and the Time-Space Alternate
f Algorithm were employed. In examples 1 and 3, since the internal
% ballistic parameters do not vary significantly with respect to
v time during the motor operating period, the difference between the
results obtained by these two methods is very small. Thus, only
- the results obtained by the Triple-Loop-Iteration Algorithm are
j presented. For example 2, respective results obtained by both
i methods are presented.
j; Example 1
The grain is bonded to a two-dimensional hollow, cylindrical
case of star-shaped interior. The motor head is doﬁble-arc.
transitionally closed. The motor tail-end surface is located on
the oval portion following the motor. The grain combustion is
unrestrictive. Calculated results are shown in Fig. 2.
N Y
N 1.0
.. o
- 0.6 -
o 0.4 (1)=— simmacrars
- (2)— REsk
1 0.2
% S TV S W S R NN WY 1
Fig. 2. Pressure vs time for example 1.
. Key: (1) Calculated curve (Triple-Loop-
! Iteration Algorithm); (2) Test curve.
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Example 2 :
The grain is bonded to a two-dimensional hollow, cylindrical ;
case of wheel-shaped interior. Motor head and tail-end surfaces f
are both located at the cylindrical section following the motor. E
The grain combustion is unrestrictive., Calculated resuits are ;
shown in Fig. 3. f
pp .
1.4 G:'.
1.3 3
e
p ¢
1.0 -l
-
-
0.8
2
,‘1

(1) e

—_— SBN-TREE)
(2) = A R
(3) — HERNR

8.2 0.4 0.6 0.8 t/Te

Fig. 3. Pressure vs time for example
Key: 1) Calculated curve (Time-Space

2

<.

Alternate Algorithm); (2) Calculated curve

(Triple-Loop~Iteration Algorithm);
(3) Test curve.

Example 3

The grain is of a single, tube-shaped configuration with

simul taneous combustion on both inner and outer
combustion on both front- and back-end surfaces

Calculated results are shown in Fig. 4.

[(N]
~!

surfaces. Grain

are restrictive.
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0.2
) .2 X X 0 1

3 Fig. 4. Pressure vs time ror example 3.
) Key: (1) Calculated curve (Triple-Loop-
[teration Algorithm); (2) Test curve.

St s SRS

It can be seen from the calculated results that, when the
internal ballistic parameters vary considerably with respect to

time. significant differences exist between the results obtained

ST g T I

- from the quasi-steady equations (Triple-Loop-Ilteration Algorithm)

. and from the unsteady equations (Time-Space Alternate Algorithm).

| TR

The calculation accuracy of the latter is increased by about 1.6%

compared to that of the former.
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STUDY ON ALGORITHMS FOR PREDICTION OF
SOLID PROPELLANT ROCKET MOTOR PERFORMANCE

Wang Xin and Zhang Zhonggqgin
(Beijing Institute of Aeronautics and Asironautics)

Abstract

Two algorithms for prediction of solid propellant rocket motor perfor-
maace are introduced. Triple Loop Iteration Algorithm is applied to solu-
tion of quasi-steady equations(5)~(8). Its computer program comprises

SR 5l PRSI 3 RN AR,

a procedure with three iterative loops. Time-Space Alternate Algorithm can
be applied to soluting both quasi-steady equations and unsteady equations j
(22)~(24). If op/ot, ov/at, ap/at in equations (22)~(24) are given, equa- %
tions (22)~(24) will be reduced to ordinary differential equations. They -
can be solved by Merson’s method. When AP/At, Av/At, Ap/At are appro- N
ximated to oP/dt, du/at, ap/at, this algorithm for model! equation 1

ol ou
ax Y% ot

corresponds to the finite difference scheme

anel __ tmel Y iad P 4.1 N ad ST 1.4 2eel__
RBjoy =Wy A, [ﬁi “;‘7_'_ 4 Binis Wi + Uiy —Hj., ]

h 6 T T T

It is an unconditionally stable scheme.

A general two-dimensional grain calculation method is introduced for

calculation of grain. A comprehensive computer program for above men-

-

tioned methods has been written and applied to calculating the perfor-
mance of three different motors. The results of the numerical examples

are consistent with the experimental data.
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TURBULENT VORTICES AND BIONICS IN TURBGQJET
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The construction of a modern turboijet
rather complex, but its performance still
many dissatisfactions, viz. great pressure
losses along the flow patch, low component

efficiencies, proneness of the compressor to

stall  and surge, frequent occurrence of

overheating and oscillations in combustors,
difficulty in high-altitude reigniting., and
narrow stable operating range. Phenomena of

turbulent vortices are discussed in this

paper. Newly derived momentum equations for

turbulent flow are presented. Some ideas
about morphological simulation, which may

alleviate the vortex losses and utilize the

vortex capabilities, are suggested and

thereby produce a few research subjects that

are worth further studying.
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I. Vortex Occurs Evervwhere

Under various flight operating conditions, the occurrence, y
development, and decay of turbulent vortices are observed
everywhere along the flow path of a turbojet from its entrance to

exit.

PO RT R PPN G WP

Under subsonic flight condition, the excursion of the flow

~reates vortices inside the air intake of a turbojet.

kit ko

Under supersonic flight condition, there are occurrences of
boundary layer separaction or the laminar flow layers roll up to
form turbulent vortex flow field behind the shock waves of the air

intake tunnel.

TSP T ] S PRI

In a compressor, turbulent vortices are created between the
clearance of the blade-tips and at the trailing edge of the blade.
Between the stator- and rotor-blades, strong vortices are also

formed.

In an abrupt expansion type of cylindrical pressure diffuser,
stagnation vortices are induced at the edge of the nozzle mouth by
the impinging jet fluid. Fluctuations of the fluid flow both
upstream and downstream are dampened because of the appearance of
a turbulent flow region between the vortices and thereby alleviate

interferences.

For a vortex generator or for injector holes of a primary
combustion chamber, vortex recirculation region is created at the

top of the fire box and thus forms a heat reservoir. This ensures

an intensified ignition source and also shortens the flame,.
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In a gas turbine, vortex trails are installed on both the
blade crown and the reinforced rubber between blades. The enthalpy
drops can be increased in a single-stage type turbine by con-
trolling vortices at the exhaust of the gas turbine. The number or

stages is subsequently reduced. This method has already been used.

A forced-draft combustion chamber uses the vortex recircula-

tion region behind a bluff-body to stabilize flame.

To design turbojet components, we have to study the charac- f
teristics of turbulent vortices and their control methods. While ]
vortex turbulent flow consumes energy, loses pressure, reduces ?

efficiency, and causes malfunction, vortices do possess special

functions in certain situations. ri

[I. Vortex Characteristics

R ..

Turbulent flow can be regarded as a group of small-scale

L~
Y

vortices. The vortex characteristics play an important role on
]

turbulent flow characteristics. The turbulent flow is always

AN

present whenever there are vortices in the flow field. The tvpes

L

of vortex can be classified as vortex filament, vortex sheet,

vortex tube. vortex cluster and eddy. Vortex filaments form a

v

. e 5 1.
N

vortex sheet or vortex tube. Cross-sections of vortex ring and

» 't

vortex cluster are circular vortices. Cross-sections of an eddy

anala

L

are spiral vortices. Vortex filament and vortex tube cannot have

free ends. They must either be attached to the interface or
connect their two ends in order to form a vortex cluster or an ..
eddy. A vortex sheet cannot exist without a boundary. They must '
roll up to form an eddy. An eddy may expand to a trumpet shape or
contract to a cone shape., and eventually breaks up into turbulent

vortex clusters just as eddies in the wing-tip trails or cyclones

rising from the ground surface would do. The shapes ot vortices .
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can be changed by flow shifts or by external forces. Their
original masses, however, remain unchanged. With respect to its
own rotating axis or with respect to the instantaneous center of
curvature, a vortex has a rotational angular velocity w, and a
circutation . The circulation of a unit cross-sectional area is
called "vorticity" =2w. If the circulation remains constant. the
product of the eddy cross-sectional area A and strength of vortex
. AQ=I, is a constant. For a trumpet-shaped eddy, the end cross-
sectional area diverges. Thus, w becomes too small and then the
eddy breaks up. On the other hand, for a cone-shaped eddy, the
cross-sectional area of the sharp-end converges. Thus, w becomes
too large. Since the micro-scale gas pockets are being thrown out
bv centrifugal force, the eddy collapses and disperses'into a

turbulent flow, thus  has upper and lower limits.

The circulation of a circular vortex is F=ar!Q,. The smaller
the value of radius r is, the faster the rotation is. An increase
in strengths of a circular vortex would result in the formation of
centripetally converging spiral vortices. The combined fiow
velocity can be increased from subsonic to supersonic. When the
limiting flow velocity is reached, a vacuum vortex will sappear: An
actual vortex core provides low pressure suction, thus creates
centripetally converging flow and thereby forms a three-dimen-
sional flow along its axis. The vortex core can be represented by
a rotating "solid cylinder core”™ which induces the surrounding gas
to follow the rotation. The tangential velocity at the inner
circle is higher than that at the outer one. This is called an
active vortex. A mutual induction effect is observed between
vortices in this flow field. Therefore, vartex rings have counter-

flow, forward-moving velocities.
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Shear layers are generated behind the trailing eage or an

obstructing bluff-body due to sudden flow velocity change, and 2
two-dimensional vortex or a three-dimensional votex ring is
formed. Arfected by the surrounding gas flow, the tangential
velocities inside the vortex is lower than that outside the
vortex. Theretfore, this is called passive vortex. The stability or

the active and passive vortices are different [11.

Observations and experimental studies in recent years reveai
tnart satisfactory explanations, from the standpoint or mechanism,
tor many characteristics of vortices are still waiting to be
discovered. For example, why do tornadoes and eddies at aircraft
wing-tips persist for a long time befdre they decay; why does the
top ot a tvyphoon diverge in reverse rotaticni why do "negative
viscosity”" regions appear in the back section of the tail vortices
of a nonstreamlined obiect [2); although the Ranque-Hilsch eftect
has already been applied to the cold and hot sublayers of gas
flows, the explanations of their mechanisms are still inconclusive
£31. Further understanding of the fundamentals of vortex charac-
teristics, therefore, appears to be a worthwhile research

direction.

[11. Stability of Vortex

Inside a vortex, flows are moving in separate layers.
Diffusive exchanges of momentum, energy, and mass exist when
cross-over flow occurs. Moreover, there is also viscous dissipa-
tion and centrifugal force flow field. Vortices are pressed and
elongated by the surrounding main flow or by the restriction of
the solid wall boundary. Between the vortex circumferences of the
recircuiation flow and the co-current boundary layer streaml!lines,
a narrow, rhombus-shaped vortex tail turbulent region is formed

«Fig. 2). This vortex tail turbulent region is densely populated
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with smalil vortex clusters of high vorticity and ig very unstable.

Local angular velocity W at the inflection point of the i1ong tail
vortex circumference is very high., which often throws gas pockets
in the recirculation region into the vortex tail turbulent region
causing it to lose stability. If, at the same time, there is
external interference caused by strong fluid pressure, the vortex
tail will pull the vortices loose, which subsequently collapse to
form a downstream turbulent flow field. These are the reasons for
instabilities in the vortex recirculation region trailing a
regular vortex generator or a V-type stabilizer. The authors
believe that "the flame is stabie only when the vortex 15 stable."”
The stability of vortex is greatily afafcted by the magnitude of
local, instantaneous angular velocit¥1of vortex and the length of

the vortex tail. From reference (1], the criterion of upper and

lower limits for a passive vortex is given by

U’ 1

1 B .
4 |+ P (D'—ng/, <m<l 4 l+ 2 @, (1)
where yr gradient of vortex tangential velocity along

the radius of curvature r;

» frequency of external interference wave;

@ local angular velocity of vortex;

g acceleration of a viscous dissipation field; and

B ratio of density gradient along r to the density

without interference
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Reterence [1] also gives a criterion of stability for an
active vortex and a spiral vortex. The conditions for intensifying
vortex stability can be concluded as: keeping the convergence or
vortex tail as short as possible; keeping vortex local w within
the upper and lower limits; attaching itself to a solid boundary
to become a resident vortex; having the capability of self-control
such that, after interference takes place, the vortex can be
recovered back to its original geometricaf shape without being

detached or being broken up.
I[IV. Turbulent Vortex Flow Field

In the turbulent vortex flow field, the rolling fluctuations
of large and small vortex clusters are of an irregular,
randomly-changing process. The Kolmogoroff theory states that
large vortex clusters disperse and break up into small vortex
clusters. Turbulent kinetic energy is gradually transferred from
large vortex clusters to small vortex clusters. Finally, due to
viscosity., the turbulent kinetic energy dissipates and results in
an energy spectrum. Based on this theory, turbulence model with
turbulent kinetic energy k and the turbulent energy dissipation €
were developed. The results of calculations for the tail flow of a
bluff-body using the k-& model show that the vorticity 0 in the
vortex tail turbulent flow region is greatly weakened (Fig. 1).

However, the experiments in reference [2] verify that the

vorticity Q in this region is very strong (Fig. 2).
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Fig. 1. Weakening vorticity Fig. 2. Intensifying
in the vortex tail region vorticity in the vortex
(results of calculated by tail region (results or
k- model). experiments) [21].

Key: (1) Boundary layer
streamlines; (2) Recircula-
tion flow circumferences.

In regions‘of high vorticity gradient or pressure sublayers,
the dissipation of local turbulent energy is reduced, or even
inversed into macroscopic kinetic energ+ TBis is called "energy-
inversion" or "negative viscosity" phenomenon. The isotropic
turbulence model and statistical methods cannot explain the
"intermittency" and the seemingly-irregular yet "orderly-coherent
phenomenon”" in a turbulent vortex flow. This implies that. under
certain circumstances, the appearance of turbulent vo}tex cluster
is not only a pure transport phenomenon but also possesses
"Soliton" characteristics (4, 5]. Gao Ge has suggested that the
canonical equations of a turbulent vortex flow field should
include the "dispersion effects" and combined equations of the
K-dV equations with third~order partial derivatives and the
Burgers equations:

.a+ui“v'u+nuul- 0 (2)

where v is kinematic viscosity coefficient and 7 is dispersion
coefficient. The "non-isotropic", "orderly-coherent phenomenon",
"intermittency", and "energy-inversion" problems of a turbulent

flow can be explained after an appropriate and quantitative
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construction of the last two terms in equation (2) have been
performed. Gao Ge has investigated the relationships between the
viscous dissipation and dispersion effects. Momentum equations ror

turbulent flow are derived as:

[P0 TR JR U LY T % WU S SR~

o8; o, _ 1 P L ony o8; \
ot +', 61,‘ P 9x; + ax,' (VJ_ +VT)( Ox, + ] ) 2 ax; VTQU
. L Q)
‘Slg“("i)a—n“rl—a;:‘l' (3
on; ou; 1 ap 3 aw  au L)
8; = - - — i
o TN ox; P ox T ox; (v v')( ox; + ax,-) 2 ox; vl

3|Qijl

. ]
+sxgn(l:)-;nr 2%,
! H

where v, ¥5, My are the laminar kinematic viscosity. turbulent

kinematic viscosity, and turbulent dispersion coetfrficient,

ou; oU;

respectively. Vorticity (or degree of circulation. Qu=j§%‘jg‘
1]

i

The new momentum equations of a turbulent flow are composed

jointly of the above equations (3) and (4). Equation (3) is

N Y )

employed for low vorticity cases, while equation (4) is emploved
for high vorticity cases. Details for determinations of turbulent
kinematic viscosity v; and turbulent dispersion coetficient are the
subject of another paper. When the time-averaged vorticity becomes
negligibly small, equation (3) is reduced to the Boussinesq
viscous turbulent vortex equation; when v, is very small. the

equation is the same as the laminar Navier-Stokes equation. Many

ndnattdetol o et s i

turbulence models can be included in the scope of momentum

equation (3).
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The orderly-coherent phenomena at the boundary layer and
turbulent vortex flow problems are successfully solved by using
the momentum equation (4). This equation has been applied to the
numerical solution for "the energy-inversion phenomena in the
turbulent tail vortex flow field of a bluff-body". The calculated
results are consistent with the experimental data presented in
reference [2]. Calculation is also in good agreement with
experiments of "the orderly-coherent phenomena of a horseshne-

shaped pattern in turbulent boundary layers". Reasonable expiara-

tion can be provided for many problems such as the non-isotropic :
turbulence, the Ranque-Hilsch effect of cold and hot layer E
separation, and-the formation of vortgx series from the boundary ;
layer separation on a wing model, etc. ;
It is worthwhile to conduct further theoretical and g
experimental studies on the dissipation structure and dispersion ;
phenomena of a turbulent vortex flow field. For engineering ~
applications., the above discussions can provide design methods tor i
the prevention of boundary layer separation and thereby improve -
the performance and efficiency of turbojet components, or reduce a
the drag on aircraft. q
;:

V. Turbulent Vortices and Bionics 5
b

The interactions between living things and land shapes versus 3
fluid in the natural environment take various forms. As a fish ;
swims in the water, the vortex trail created by its tail fin 1
movements is almost indiscernible. This is probably due to the :
absence of boundary layer separation or lack of burden resulted 1
from tail vortex drag. Aquatic plants grow densely in turbulent g
streams. They grow in long, thin bundles. In order to reduce the S
impact of water flow, they sway with the current and thereby are §
£

able to keep from being uprooted and washed away. With wings wide @
39 y
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stretched, an eagle can glide in the air for a long time. Its
wing-tip feathers open up like fingers which weaken wing-tip
vortices and thereby reduce drag. Morphological simulation of this
feature has been applied to make wing-tip mounted winglets on
aircrafts. In the desert, sand dunes are created by gusty winds
and their shapes resemble that of a slipper's toe. The front slope
of a sand dune is smoothed and streamlined by the wind, with its
two arms extending backward and touching each other. Horseshoe-
shaped eddies are formed behind the sand dune. This feature
matches the stability conditions of a vortex; and therefore, it

provides the sand dune with strong resistance to interference.

The natural morphological features are simulated in order to
improve turbojei components. Some ideas are first presented as

follows:

1) In order to simulate the motion of a fish mouth, the air
intake and the pressure diffuser throat are manufactured such that
they possess automatic expansion and contraction type of struc-
tures. With the aid of signal feedback from micro-sensors. the
peristaltic, swallowing capability of the air intake tunnel can be

automatically controlled and thereby prevent surge.

2) In order to simulate the swaying motion of the aquatic
plants, air intake tunnel with soft, elastic walls may be manu-
factured. The wall surface is spray-coated with a film of poly-
tetrafluoroethylene vinyl coating which can reduce frictional

force and deaden pressure fluctuations.
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3) "The orderly-coherent structure" of a turbulent boundary
layer can be utilized to design compressor blade contigurations.
The range of stable compressor operation and its erficiency can be
increased by delaying or preventing the boundary layer trom

separating and vortices from detaching.

4) In order to simulate an eagle's wings, toughened bladelets

are mounted on the blade-tip to reduce vortex drag losses.

5) "Elastic fish tails"™ are arranged, along the height of
blade, on the trailing edge of compressor blades to contro!
vortex detachment and reduce tail vortices.

6) A series of "sand dunes"™ placed in a circular arrangement
can be utilized to replace vortex recirculation region created by
vortex generator .in the head of a primary combustion champer. Such

a replacement can increase stability and reduce drag.

7) In a forced-draft combustion chamber, the phenomena of
horsehsoe-shaped eddies being formed behind a "sand dune" can be
simulated. This simulation can result in increased combustion
stability, oscillation alleviation, drag reduction, and increased

combustion efficiency.
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TURBULENT VORTICES AND BIONICS IN TURBOJET

Ning Huang and Gao Ge
(Beijing Institute of Aeronautics and Asironautics)
Abstract

The construction of a modern turbojet is rather complex, but its perfor-
mance still has many dissatisfactions, viz. great pressure losses along the
flow path, low component efficiencies, narrow stable operating range,
proneness of the compressor to stall and surge, difficulty in high-altitude
relighting, frequent occurrence of overheating and oscillations in combustors.
The authors consider that all the above drawbacks are closely related to
turbuleat vortices, which occur almost everywhere within and around
a turbojet. The generation, development and decay of vortices have profound
mutual effects with the surrounding flow. In aerodynamic design an endea-
vour must be made to reduce vortex losses and exploit vertex capabilities.
There are some interesting peculiar phenomena in a turbulent vortex flow,
such as orderly-coherent flow pattern, intermittency and energy-inversion
unconformable to the Kolmogoroff theory of energy spectrum. The tradi-
tional isotropic turbulence and statistical treatment cannot explain the above

phenomena. The co-author has discovered that viscous dissipation and dis-

. persion effects should be considered simultaneously and Burger's and the

K-dV equations have to be mixed up to obtain a canonical equation,

U, U8, Vi, + My, = 0
According to this concept two new momentum equations of turbulent flow
are derived:

ou; ou; 1 ap L) au; | oY )
u =~
o T %) p ox T ax; (vt v’)< ax, + 5%, )+ 2 ox; Ve
] a1$);
— sign(®/) ;;“r—%f—l-
!
n,; M _ 1 ap -] on; _ on; )_ 9
at + ax; P x; + Ix; v v,)( ax;  9x; 2 ox; Vel
2 3Q;
+ sign(®;) a_x-n"_sg,—"
’

Sample computations of a tail vortex flow and an orderly-coherent flow
pattern have been performed with success. The authors suggest some ideas
about morphological simulation which may alleviate the vortex evils and

utilize the vortex characteristics.
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